Abstract: Bromate ion was determined by ion chromatography with spectrophotometric detection after post column reaction with o-dianisidine reagent in acidic medium. IonPac AS19 anion-exchange column was used with 20 mM sodium hydroxide eluent. The eluent from the column was then allowed to react with o-dianisidine at 60 o C. The developed colour of the final product was measured spectrophotometrically at 450 nm. Linearity of the method was checked up to 200 µg/L by using 200 µL sample injection volume and the linear correlation coefficient was 0.9998. The method detection limit was 0.56 µg/L and the precision was 6.2% at 100 µg/L. The spiked recovery for bromate in water samples was 93%. Interferences from some anions eg. nitrate, chloride and nitrite were studied. The method was applied for the determination of bromate ion in ten sudanese bottled drinking water. Bromate was detected in 60% of the samples at concentrations ranged between 5-169 µg/L.
Introduction
Bromate in drinking water is the most commonly formed during ozonation of bromide containing waters for disinfection purposes 1 . Bromate can also be introduced into drinking water as a contaminant in the sodium hypochlorite used for disinfection 2 . International Agency of Research on Cancer (IARC) classified bromate in group B.2 (as a "probable human carcinogen") and established a drinking water maximum contaminant level goal (MCLG) of zero and maximum contaminant level (MCL) of 10 µg/L for bromate in finished drinking water 3 . The World Health Organization (WHO) has estimated an excess lifetime cancer risk of 10 -5 for drinking water containing 3 µg/L bromate. In the U.S. EPA, the lifetime cancer risk was estimate to be 10 -4 for drinking water containing 5 µg/L bromate 4 .
With respect to these toxic effects the WHO recently established provisional guideline of 10 µg/L bromate in drinking water. The U.S. Environmental Protection Agency (EPA) established a maximum contaminant level of 10 µg/L bromate in drinking water 3 .
U.S. EPA Method 300.0 is an ion chromatography (IC)/ conductivity detection based method for analysis of bromate in drinking water with minimum detection limit (MDL) of 20 µg/L 5 . Typically, bromate peak resolution is not a problem with standard solutions. However, drinking water can contain appreciable amounts of chloride ion that can interfere with the bromate measurement 6 . The reduction of chloride ion and bromate ion peak overlap is possible by using a silver cartridge, large volume injection or column switching system [6] [7] [8] . Simple spectrophotometric methods were used for bromate detection but these methods suffer from interference. Phenothiazones produce a coloured species following reaction with bromate under acid conditions. However, it has been noted that spectrophotometric methods using phenothiazones are suspectible to interference by humic substances found in natural water samples 8 . Reduced fuschin can be reacted with bromine, produced from bromate by reaction with metabisulfate. Pre-treatment is required to remove heavy metals 9 .
Simple and on-line spectrophotometric method was described for bromate determination by sequential injection analysis (SIA). The MDL is 0.15 mg/L. This method is not suitable or determining bromate in drinking waters that arise from ozonation 10 .
Much lower detection limits are obtained using hyphenated techniques such as IC coupled with mass spectrometry (IC-MS), inductively coupled plasma (ICP-MS) or gas chromatographymass spectrometry (GC-MS) 5, 11, 12, 8 . These techniques are very sensitive and single analysis is cheap, but highly sophisticated and instrumentation is expensive 3 . IC coupled with post-column reaction (PCR) followed by UV-Vis detection was also used to improve detection limit 1 . Bromate has been detected by post-column reaction (PCR) with excess iodide under acidic conditions to form triiodide ion and detected at 352 nm. The MDL is 0.19 µg/L 13 . Also NaBr/NaNO 2 mixture was used as post-column derivatization reagent in order to form tri-bromide, which is detected using UV detector set at 267 nm. The MDL is less than 0.25 µg/
L3
. Fuchsin reacts with bromate at low pH to form a colour product that can be measured at 530 nm. The MDL is 0.1 µg/L 1 . But those PCR systems are complicated or required additional cost for anion suppressors for the delivery of reagents 13 . O-Dianisidine (ODA) reacts with bromate to form a product that can be detected at 450 nm. The MDL is 0.12 µg/L 4 . This is the simplest method among the post-column derivatization methods because it requires only a single postcolumn delivery module 13 . Searching literature in local research institutes and world searching engines revealed zero study on the bromate levels in Sudanese drinking water. The aim of this paper is to validate very sensitive HPLC method for bromate ion measurement in bottled water because there is no current study done in this area in Sudan.
Experimental
All reagents used in this study were of analytical or HPLC grade and all solutions were prepared by using distilled de-ionized water. The post-column reagent was prepared by adding 40 mL of 70% nitric acid (Loba Chemie) to about 300 mL of de-ionized (DI) water in volumetric flask. 2.5 g potassium bromide (S.d. fine-CHEM limited, India) was added and dissolved in 100 mL methanol (Applichem, Germany) and was added to nitric acid/KBr solution and was brought to volume with deionized water. The solution was allowed to stand overnight until the slight champagne colour fades. Then was filtered through a 0.45 µm membrane filter (Millipore, USA) before use.
A 1000 mg/L stock standard solution of bromate was prepared by dissolving 0.3260 g of potassium bromate (Beijing Huagongchang, China) in 250 mL deionized water and then stored at 4 o C. Bromate working standard solutions were prepared daily by diluting the stock solution to the required concentration.
Sodium chloride (S.d. fine-CHEM limited, India), sodium nitrate (S.d. fine-CHEM limited, India) and sodium nitrite (S.d. fine-CHEM limited, India) salts were used for preparing anion stock standard solutions for interferences studies. Sodium hydroxide pellets (S.d. fine-CHEM limited, India) was used for eluent preparation (20 mM). Then was filtered through a 0.45 µm membrane filter before use.
Instrumentation
The IC used in this study was isocratic waters HPLC modified for bromate ion measurement, which consisted of a model 1515 isocratic pump, vacuum degasser and a 2996 PDA detector. The injector was a model 7725i Rheodyne injector with injection loop 200 µL. The analytical column used was IonPac AS19 anion exchange column with internal diameter 4 mm and length 250 mm (Dionex). The PC10 pneumatic post-column delivery module was supplied by Dionex and was equipped with reaction coil (volume 400 µL). The post-column reaction heater was from Perkin Elmer. All chromatographic results were acquired and processed by Empower software (Waters Cooperation). The experimental conditions are reported in Table 1 . 
Results and Discussion

Analytical Column
The IonPac AS19 column is a high-capacity resin with optimized selectivity for oxyhalide anions. It is also a highly hydrophilic, hydroxide-selective anion-exchange column. It was used as a separation column for the determination of levels of bromate in drinking water 14 . In this study, the IonPac AS19 column was selected to improve the performance of ion chromatography methods and allows selective separation for bromate ion.
Postcolumn delivery module
To enhance the sensitivity and selectively of the method, bromate ion eluting from the column was reacted with the post-column reagent o-dianisidine to give coloured compound measured at 450 nm. This post-column reagent was delivered smoothly to system by using pneumatic delivery module. The most advantage of this pneumatic delivery system is to minimize the baseline noise which is an inherited problem when using pumps. Minimizing the base line noise will improve the method detection limit.
Reaction coil
Two types of reaction coils made from polyetheretherketone (peek) tube were tried in this study to established the optimum tube volume that can give best response; one reaction coil used in the preliminary study has 0.02 in. i.d. x 29.9 in. length (154 µL) and the other reaction coil has 0.03 in. i.d. x and 34.57 in length (400 µL).
This preliminary study revealed that the reaction coil with 0.02 in. i.d. x 29.9 in. length caused back pressure with flow rates above 0.5 mL/min and 0.2 mL/min flow rate for mobile phase and postcolumn reagent respectively. Preliminary results obtained by this reaction coil were done at flow rate 0.5 mL/min for mobile phase and 0.2 mL/min for post-column reagent. However lower sensitivity results obtained using this reaction coil.
Since this work aimed for obtaining a sensitive method for bromate determination; the reaction coil with 0.03 in. i.d. x and 34.57 in length was found to give the optimal condition for good bromate sensitivity and low back pressure. This because of the increased reaction coil volume and diameter. When 0.02 in. i.d. reaction coil was used the peak area is lower than peak area obtained by using 0.03 in. i.d. as shown in Table 2 . 
Column heater
The reaction of bromate with o-dianisidine reagent is slow at ambient temperature. A postcolumn heater was used to increase the reaction rate.
Sample volume
Large volume injection loop 200 µL was used to enhance the detector sensitivity.
Optimization of chromatographic parameters
All experiments done for optimization chromatographic parameters were done by using 100 µg/L bromate standard solution. For individual parameter study the other parameters were fixed and the studied parameter was changed.
Effect of the mobile phase flow rate
The effect of eluent flow rate on bromate peak retention time and recovery was studied using mobile phase flow rates ranging from 0.3-0.7 mL/min as shown in Table 3 . Calculated concentrations of bromate standard at different mobile phase flow rates are plotted against eluent flow rate as shown in Figure 1 . As expected the bromate peak retention time is decreased with increased mobile phase flow rate. Also from rates 0.3, 0.4 and 0.5 mL/min has no effect on bromate recovery (> 96%) but flow rate greater than 0.5 mL/min decreased detector response hence decreased bromate recovery. This may be due to less contact time between bromate and o-dianisidine reagent. Eluent flow rate of 0.5 mL/min was selected in this study because at this flow rate optimum response is obtained as well as suitable retention time. 
Effect of the post-column reagent (PCR) flow rate
o-Dianisidine reagent was used as post-column reagent to enhance sensitivity and selectivity of bromate determination. The flow rate of post-column reagent was studied between 0.1-0.6 mL/min. Figure 2 shows the effect of post-column reagent flow rate on sensitivity. From this experimental data a flow rate of 0.3 ml/min was selected for further studies as it gives the most sensitive response. It was found that the eluent flow rate to o-dianisidine PCR flow rate ratio is 1.7; it is close to the optimum ratio provided 4 in EPA method 317.0 which is 1.9. 
Interference Study Nitrate
The interferences effect from some anions was studied. It was found that nitrate dose not interfere at 1000 and 2500 µg/L concentration levels. It was postulated that, possibly nitrate did not react with o-dianisidine reagent under the experimental conditions set in this study.
Chloride
In this work chloride interference was studied by using 100 µg/L bromate standard solutions containing chloride ion at concentrations 100, 400 and 600 mg/L. It was found that at 100 mg/L chloride ion has no effect on the bromate peak, however, at concentrations higher than 100 mg/L, the bromate peak became broad and an increase in the baseline noise level was noticed as shown in Figure 3 . This could be explained by the fact that high concentrations of chloride ion cause column overloading that limits available binding sites on the analytical column for bromate ion and causes bromate ion peak broadening. The broad, asymmetric peak presents a problem in that an unbiased decision may be made of how to assign the bromate ion peak baseline 11 .
Nitrite
Nitrite ion interference was studied by using 100 µg/L bromate standard solutions containing nitrite ion at concentrations 100 and 300 µg/L it was found that nitrite, was detected whithout interferance with bromate at these levels (RT 9.2 and 12.4 min for bromate and nitrite respectively). However the response for the nitrite ion is low at 450 nm Figure 4 , higher response was observed at wavelenghth 400 nm with reduction in bromate ion peak response Figure 5 . This result indicate that the suitable wavelenghth for bromate detection and quantification is 450 nm. On the other hand 400 nm is suitable for nitrite detection and quantification. 
Linearity
The calibration graphs were generated using 200 µL injection loop. Six different concentrations of bromate from 10 µg/L to 200 µg/L were analyzed four times according to the optimized experimental conditions. Then the calibration curve was established according to the obtained response (peak area) and the concentrations of the bromate in the standard solutions. The results showed a good linear relationship. The calibration data was summarized in Table 4 . The calibration graph is shown in Figure 6 . Table 4 . Regression data and statistical parameters for bromate calibration Table 5 summerizes the method detection limit (MDL) and method quantification limit (MQL) MDL was estimated as 3 σ (the standard deviation of the baseline noise) and MQL was calculated by multiplying σ by 10 1 . 
Method detection and quantification limits
Precision
The precision of the system was evaluated by estimating the percent relative standard deviation (%RSD) of four successive determinations for 100 µg/L bromate standard. It was found that the precision of the system is 6.2%.
Method validation
The validity of this method was checked by evaluating recovery using spike addition method. For recovery study two types of known bromate concentration bottled water labeled as 7 and 9 were spiked with 100 µg/L of bromate standard and recovery was calculated as summarized in Table 6 . As shown in Table 6 bromate recoveries in water samples were in the range of 89 -96.4% of a mean recovery of 93%, well within the 75-125% acceptance criteria 4 of method 317.0.
Application of the method
The validated method was used to determine the concentration of bromate ion in real samples (bottled water samples final product). Chromatograms of bottled water labeled 3 and 100 µg/L bromate ion standard are reported in Figure 7 and Figure 8 respectively. All samples injections were done at optimized conditions. All samples results were an averge of four determinations as reported in Table 7 . The bromate ion concentrations in bottled water samples were found ranging from less than MDL to 169 µg/L. In five samples the concentration of bromate ion is higher than the maximum contaminant level (10 µg/L) established by WHO 4 . This high level of bromate may be due to high bromide concentrations in water sources or due to oxidation of bromide impurities arising from disinfection by sodium hypochlorite as most bottled water factories in Sudan use sodium hypochlorite in water disinfection beside ozone. In water sample labeled 5,6, 8 and 10 bromate concentration was less than method detection limit; this could be due to the fact that ozone was used only for washing bottles and not used for final product disinfection. Also bromate was not detected in water sample labeled 9 because the source was tab water (river water).
For all samples bromate peak purity was checked to determine if a peak was spectrally homogeneous or not as shown in Table 8 . It appeared that from Table 8 that all bromate peaks are spectrally homogeneous because in all peaks the purity angle is less than the purity threshold and this means that there is no coelution 15 . Comparison between this study and previous studies
The method detection limit (MDL) of this present method is higher than the MDL of previous IC-PCR methods because sample injection volume (200 µL) and reaction coil volume (400 µL) which were used in this method is less than that used in pervious methods (500 µL for injection loop and reaction coil). But this method is more sensitive than the IC-CD because conductivity detector is inherent insensitive. Also this method is more sensitive than spectrophotometeric method because the separation enhances the sensitivity. Percentage recoveries and linearity are comparable for all methods. The (RSD%) of this method less than of the previous IC-PCR (NaBr-NaNO 2 , KI-(NH 4 ) 6 Mo 7 O) methods and IC-CD, but it higher than IC-PCR (ODA). 
